350 words (at 330) 24 Better understanding and prediction of tree growth is important because of the many ecosystem 25 services provided by forests and the uncertainty surrounding how forests will respond to 26 anthropogenic climate change. With the ultimate goal of improving models of forest dynamics, 27 here we construct a statistical model that combines complementary data sourcestree-ring and 28 forest inventory data. A Bayesian hierarchical model is used to gain inference on the effects of 29 many factors on tree growthindividual tree size, climate, biophysical conditions, stand-level 30 competitive environment, tree-level canopy status, and forest management treatmentsusing 31 both diameter at breast height (DBH) and tree-ring data. The model consists of two multiple 32 regression models, one each for the two data sources, linked via a constant of proportionality 33 between coefficients that are found in parallel in the two regressions. The model was applied to a 34 dataset developed at a single, well-studied site in the Jemez Mountains of north-central New 35 Mexico, U. S. A. Inferences from the model included positive effects of seasonal precipitation, 36 wetness index, and height ratio, and negative effects of seasonal temperature, southerly aspect 37 and radiation, and plot basal area. Climatic effects inferred by the model compared well to 38 results from a dendroclimatic analysis. Combining the two data sources did not lead to higher 39 predictive accuracy (using the leave-one-out information criterion, LOOIC), either when there 40 was a large number of increment cores (129) or under a reduced data scenario of 15 increment 41 cores. However, there was a clear advantage, in terms of parameter estimates, to the use of both 42 data sources under the reduced data scenario: DBH remeasurement data for ~500 trees 43 substantially reduced uncertainty about non-climate fixed effects on radial increments. We 44 discuss the kinds of research questions that might be addressed when the high-resolution 45 information on climate effects contained in tree rings are combined with the rich metadata on 46 3 tree-and stand-level conditions found in forest inventories, including carbon accounting and 47 projection of tree growth and forest dynamics under future climate scenarios. 48 49
Introduction
August (mean total precipitation = 164 mm) associated with the North American monsoon 143 ( Figure 1) . 144 Growth increment data 145 At the time of plot establishment, all individuals of Pinus ponderosa >25 cm diameter at breast 146 height (DBH) were tagged and measured (>20 cm DBH threshold for all other species, including 147 Abies concolor, Pinus flexilis, and Pseudotsuga menziesii). In a 10×10 m subplot, all trees 148 (regardless of size) were tagged and measured at breast height. In February and April of 2015, a 149 second measurement of DBH, and first measurement of height (in m, by laser hypsometer) was 150 collected from every tagged tree, thus capturing growth up to the end of the 2014 growth season 151 (and not the 2015 growth season). Short increment cores were collected from ~10 trees per plot, 152 randomly chosen within four size classes (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) and 50+ cm DBH) , 153 irrespective of species identity. These samples were prepared following standard 154 dendrochronological methods (Speer 2010). They were then crossdated visually referencing a 155 chronology developed at Banco Bonito (Farella 2015); annual ring dating accuracy was verified 156 using the program COFECHA (Holmes 1983) . Annual ring widths were then measured to the Tree-level predictors of radial and diameter growth increments included size (basal area at the 164 time of the first DBH measurement, either 1999 DBH measurement, either or 2000 and height ratio (the ratio of a given 165 tree's height compared to the tallest tree on the same plot in 2015). Plot-level predictors included 166 plot basal area at the time of the first DBH measurement, disturbance history (thinning and 167 prescribed fire; Table 1) , and several GIS-derived biophysical variables (substrate, slope, aspect, 168 annual radiation, and a wetness index following Boehner et al. 2002 actual vapor pressure (in hectopascals). All covariate data were centered and scaled (to a mean of 181 zero and a standard deviation of 1.0), so that the magnitude of their effects could be compared.
182

Dendroclimatic Analysis
183
We conducted a dendroclimatic analysis of the tree-ring data, for comparison against the 184 Bayesian multiple regression approach. In tree-ring studies, low-frequency variation in the 185 absolute value of radial increments are removed (i.e., the long-term reduction in radial increment 186 10 that results from increasing diameter over time), a procedure known as "detrending" (Speer 187 2010). We used a cubic smoothing spline with a 50% frequency cutoff response at 10 years to 188 detrend the tree-level measurement series (function detrend, R package dplR, Bunn 2008 Bunn , 2010 The hierarchical model comprised two regressions, predicting radial increment and diameter 201 increment, respectively, constrained via a constant of proportionality between regression 202 parameters on fixed effects common to both regressions. Motivating this design is the constant 203 of proportionality between the two data types: two times the radial increment is the diameter 204 increment in a single year (setting aside sources of error in both measurements). Thus we expect 205 a constant of proportionality between (for example) the effect of plot-level radiation on annual 206 radial increment vs. 10-year diameter increment. The shared fixed effects linking the two 207 regressions together included two tree-level variables (tree size and height ratio) and five plot-208 11 level variables (radiation, slope, aspect, wetness index, and plot basal area; Table 2 ). In the 209 following, we detail each regression in turn, and then the connection between them.
210
The tree-ring submodel was a multivariate normal Gaussian process model, which 211 accounts explicitly for autocorrelation in the residuals εt, i.e., lag effects in the time series of 212 radial increments (r.inc) caused by, for example, physiological carry-over in resources that affect 213 tree growth. Two tree-level predictors were included (according to the individual tree index i):
214 tree size (S, basal area at the time of the first DBH census) and height ratio (HR; Figure 1a) , and 218 tree responses to these variables were similar (compare Figure 2a to Supplementary Figure 1b ), 219 we included monthly mean temperatures (vector T, with the year index t), along with monthly 220 total precipitation (vector P), as predictors in the model. Plot random effects ( . ), normally 221 distributed with a prior mean of zero and variance σ.p 2 (the latter estimated from the data), were 222 included to account for variation not captured by the plot-level fixed effects, for example, 223 substrate that is known to vary among the plots ( . 2~( 0,1) (0, )
233
. 2~( 0,1) (0, )
Where the parameter η is within-year residual variation, and the parameter ρ is the rate at which 240 covariance (among years) decays.
241
The diameter increment (d.incijkt) submodel assumes a normally-distributed response, 242 with the same tree-level and plot-level fixed and random effects as above, with the exception that 243 thinning+prescribed fire (thin.firej) was included as a plot-level indicator variable ( 
The two regressions were coupled via a constant of proportionality (α) between shared fixed 257 effects:
260
Prior distributions for the regression coefficients were normal with mean of zero and variance of To compare our multiple regression model (which does not detrend the radial increments) 269 against the dendroclimatic analysis, we first analyzed the radial and diameter increment data 270 using a model that included monthly climate variables (vectors in Equation 1 The dataset we developed was exceptionally rich with respect to increment cores (129 in a small 319 area). In order to better gauge the value of combining the two data sources (tree-ring and DBH 320 remeasurement), we created a more realistic data scenario in which the number of increment 321 cores was dwarfed by forest inventory-type data. We randomly sampled a single increment core 322 from each of the 15 plots, then reran the coupled and uncoupled models ("model 1", with 24 323 climate variables and no interaction effects), and evaluated a) the performance of the coupled vs. Detrended radial increments were negatively correlated with temperature in the preceding
329
September-November and current year April-July, and positively correlated with precipitation in 330 similar months (Figure 2a ), indicating that tree growth is precipitation-limited at this site. This is 331 a typical climate signal for tree growth in the southwestern U. S. (Williams et al. 2013 ).
332
Correlations between growth and a) maximum temperature or b) vapor pressure deficit were very 333 similar to the correlations with mean temperature (compare Supplementary Figure 1b to Figure   334 2a). The response function also indicates that growth is positively sensitive to precipitation and 335 (to a lesser degree) negatively sensitive to temperature, although these effects are not significant 336 based on bootstrapping of a 30-year time series (Figure 2b) .
337
Bayesian fusion 338 The Bayesian multiple regression model that included 24 monthly climate variables inferred The difference in LOO log-likelihoods of radial increments between the coupled and uncoupled 373 models was 0.31 (standard error of 2.41), indicating that the out-of-sample predictive 374 performance of the two models was indistinguishable with these data (model 1, with 24 climate 375 variables and no interaction effects). The same was true with respect to the diameter increments: 376 the difference between LOO log-likelihoods (coupled-uncoupled) was 0.11 (se = 1.62). (Figures 3 and 4) . That tree size had the strongest effect on radial and diameter growth increments is not 402 surprisingthis is, first and foremost, the effect of geometry. Given a certain amount of 403 photosynthate (biomass) produced by a tree, with increasing basal area each year, the new 404 biomass is spread out over a larger and larger circumference. The result is a negative effect of 405 basal area on radial and diameter increments, weakening with increasing size (negative and 406 positive first-order and second-order terms, respectively; Figure 4 ). Tree-ring data have 407 traditionally been detrended (or "standardized") to remove low-frequency variation in radial 408 increments caused by changing tree size or, importantly, changes in stand conditions (an issue 409 we return to below). This practice is problematic because it removes low-frequency variation 410 regardless of the cause, be it the increasing size of the tree or long-term trends in temperature (or 411 other global change factors). We offer an alternative approach to modeling tree-ring data, noting 412 that it depends on knowledge of the absolute size of the tree (e.g., DBH) for at least one point in 413 time (e.g., when the increment core was collected), and preferably, also stand basal area or some 414 other measure of stocking density.
415
Climatic influences on growth detected by the Bayesian multiple regression model were 416 very similar to results from a dendroclimatic analysis, in terms of tree response and its 417 seasonality (Figure 2a vs. Figure 3a) . We note that the error bars in Figure 2a are not directly random effects, etc.). The results from these two approaches were also broadly similar with 423 respect to analyses that take into account correlations between climate variables (Figure 2b and 424 3b), although they differ in details, which is not surprising given that they are derived from 425 different methods (principal components regression of detrended data vs. a hierarchical multiple 426 regression of raw data). When seasonal climate variables were included in the Bayesian model, 427 the magnitude of climate effects were (in decreasing order): precipitation (cool and warm 428 season), followed by warm season temperature. The effect of cool season temperature did not 429 differ from zero.
430
The estimated effect of thinning followed by prescribed fire on diameter increments was 
